Nonlinear propagation creates additional highfrequency components in the ultrasound wave (called harmonics) as the wave is transmitted through tissue. When nonlinear propagation occurs, reflectors along the beam path generate echoes with both the fundamental and harmonic frequencies. Tissue harmonic imaging (THI) uses two methods, frequency band filtering and pulse phase inversion, to isolate the second harmonic frequency in the detected echo so that an image of harmonic reflection can be formed. The technique of THI is discussed with illustrative examples. Advantages and limitations of THI are presented.
Tissue harmonic imaging (THI) is a relatively new real-time imaging technique that relies on the detection of the harmonic frequencies created by nonlinear beam propagation through tissue. Nonlinear propagation, and thus harmonic formation, depend on ultrasound beam intensity and path length. Reflection at interfaces following nonlinear propagation produces echoes with fundamental and harmonic frequency components. The echoinduced radiofrequency signals generated by the transducer will also contain fundamental and harmonic frequencies. Even though the detected harmonic signal is weaker than signals generated with traditional echo ranging, contrast is often improved by the suppression of interfering signals from clutter and multiangle scattering. In this article, nonlinear propagation, harmonic formation, and harmonic detection methods are reviewed before presenting illustrative examples of THI sonograms.
Nonlinear Propagation
Under conditions of relatively high-pressure amplitude, the speed of the sound wave (c) is not constant but varies over the propagation path (z):
where c o is the average acoustic velocity in the medium, c(z) is the acoustic velocity at a point along the propagation path, u(z) is the particle velocity at that point, and (1 + B/2A) is the coefficient of nonlinearity for the medium. Equation (1) shows that the particle velocity modulates the acoustic velocity at each point over the cyclic waveform. Furthermore, this contribution to wave velocity also depends on the medium via the ratio B/A.
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During the compressional phase, particle velocity is positive, and the speed of sound increases during this portion of the wave cycle. However, particle velocity is negative during the rarefaction phase, and the speed of sound decreases. Consequently, because the speed of sound is not constant during the wave cycle, the sinusoidal shape becomes distorted (Fig. 1) . The changes in waveform shape caused by nonlinear propagation are additive. As the ultrasound wave propagates through the medium, the loss of sinusoidal shape becomes more pronounced (Fig. 2) .
The distortion in the sound waveform as the intensity is changed from low to high can be illustrated by a ball attached to a spring. If the ball is moved a small distance from the equilibrium position, the spring compresses. When released, the ball oscillates back and forth with relatively smooth sinusoidal motion (Fig. 3) . If, on the other hand, the spring is compressed as much as possible before releasing the ball, the ball initially moves at very high velocity through the equilibrium position and then slows markedly as the spring is stretched. The sinusoidal motion becomes distorted (Fig. 4) .
Harmonic Formation
The transformation in waveform shape from sinusoidal to sawtooth corresponds to a change in 
FIG. 2.
At transmission, at high ultrasound intensity, the waveform near the transducer is sinusoidal. Nonlinear propagation distorts the sinusoidal waveform. The amount of distortion is amplified as distance from the transducer is increased.
FIG. 3.
Example of linear propagation. Ball connected to a spring exhibits smooth sinusoidal motion if the ball is displaced a small amount and released.
frequency components of the sound wave. As shown in Figure 5 , energy is transferred from the fundamental frequency (f o ) to harmonic frequencies (integral multiples of the fundamental frequency, such as 2f o , 3f o ). If the fundamental frequency (also called first harmonic) is 2 MHz, then the next multiple or second harmonic is 4 MHz. As the sound wave propagates through the medium, harmonic components intensify, and the waveform becomes more distorted. Attenuation causes the fundamental frequency sound wave to lose pressure amplitude and revert to linear propagation. Energy is no longer transferred to the harmonic frequencies. Meanwhile, the high-frequency harmonics are very rapidly attenuated in the medium (Figs. 6 and 7). Nonlinear propagation due to the high-frequency components exhibits more rapid pressure amplitude loss than predicted by the attenuation equation using the fundamental frequency alone.
Presently, the relative weak amplitudes of the third and higher harmonics limit THI to the detection of the second harmonic. The amplitude of the second harmonic (p 2 ) depends on the acoustic pressure (p), frequency (f), nonlinearity coefficient (1 + B/2A), density of the medium (ρ), acoustic velocity (c), and the distance of propagation (z):
FIG. 4.
Example of nonlinear propagation. When the spring is compressed completely before the ball is released, the initial fast movement is slowed considerably as the spring is stretched.
FIG. 5.
Frequency spectrum of the transmitted pulse at the transducer (A) and after a path length of a few centimeters (B).
FIG. 6.
Harmonics are present in the central portion of the transmitted beam (black region) but offset from the transducer face. Ultrasonic field of the fundamental frequency is shown in gray.
FIG. 7.
Relative intensity of the fundamental frequency and second harmonic frequency as a function of distance from the transducer. Note that the harmonic frequency is present over a limited range.
The sound wave must propagate a few centimeters in the medium before a transfer in energy to the second harmonic can occur. Little pulse distortion is present near the transducer, and this region is free of harmonics. A further increase in depth enhances harmonic production. High-intensity sound beams via the squared relation between acoustic pressure and second harmonic formation produce large harmonic components.
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Harmonic Signal Detection
Two methods, harmonic band filtering and pulse phase inversion, are used in THI to isolate the second harmonic signal component and form the image. The intensity of the second harmonic echo is 10 to 20 dB lower than that of the fundamental frequency. A low-noise, wide dynamic range receiver is necessary to preserve and process the relatively weak signal.
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Harmonic Band Filtering
An object within the ultrasonic field where the second harmonic is present will be interrogated by both the fundamental frequency and the harmonic frequency. Harmonics are created as a result of propagation through tissue and are not produced upon reflection. An exception to this statement is scattering from microbubble contrast agents, in which harmonics are formed during expansion and contraction of the bubbles caused by the ultrasonic force. The returning echo, and thus the detected signals, have a fundamental frequency component and a harmonic frequency component (Fig. 8) . Following reflection, the propagation of echoes at relatively low intensity does not generate additional harmonic components. A high-pass filter is applied to remove the fundamental echo signal, and only the tissue harmonic component is processed for image formation.
Ideally, the fundamental and harmonic bands should not overlap. The transmitted pulse must be carefully shaped and controlled to prevent highfrequency components within the harmonic region. If these high frequencies are present, they will give rise to echoes of the same frequency (including noise and clutter), and the purity of the harmonic component generated from native tissue will be corrupted. To separate the fundamental and harmonic bands, a narrow transmission bandwidth is formed by elongating the transmission pulse (Fig.  9 ). This may degrade the axial resolution, but the increased detection frequency of the second harmonic compensates to some extent for the longer transmitted spatial pulse length.
Pulse Phase Inversion
A two-pulse sequence is transmitted along the same path in which the second pulse is shifted 180°i n phase. The echo-induced signal from the first pulse is stored until the signal from the second pulse is received. The received signals from each transmitted pulse are then summed. For linear propagation, the two received signals have the same amplitude but a 180°phase difference and cancel completely when summed. If nonlinear propagation occurs, harmonics are added in the same proportion to each waveform following transmission. The received signals are not identical in amplitude and produce the harmonic component when summed (Fig. 10) . Note that the summed result has a frequency, which is two times the funda- mental frequency. The signal-to-noise ratio is increased because the number of measurements of the harmonic signal is doubled. Because filtering is not used to isolate the harmonic frequencies, broadband transmitted pulses with short spatial pulse length preserve axial resolution. However, the multiple pulse technique requires longer sampling/processing time and is subject to motion artifacts.
Advantages of Tissue Harmonic Imaging
Clutter, grating lobes, and side lobes are generated at the fundamental frequency. Echoes from these sources are also at the fundamental frequency and are suppressed in the tissue harmonic image. Multiple scattering produces low-amplitude sound waves, which do not form harmonics.
Reverberation artifacts are reduced. Echoes from reflectors in general do not generate harmonics because of their low amplitude. The harmonic content of reverberation echoes is established by the transmission path to the target and is consequently much lower than that present in tissue echoes of equal transit time.
Subcutaneous fat, particularly in large patients, defocuses the beam and masks the signals from deep-lying structures (Fig. 11) . Once more, distortion and scattering at the fundamental frequency are suppressed in the tissue harmonic image. 4 The reduction of acoustic noise enhances contrast resolution and border delineation. The detection and characterization of low-contrast solid lesions are improved. Acoustic enhancement and shadowing are more easily demonstrated. Liquid cavities are depicted with less fill-in. 5 High acoustic pressure occurs near the main beam axis and within the focal zone. This is the source of harmonic production. The width of the   FIG. 9 . Effect of spatial pulse length on harmonic separation from the fundamental frequency band. By increasing the spatial pulse length, overlap between the fundamental and harmonic bands is reduced, as illustrated by the frequency spectra.
FIG. 10.
Pulse phase inversion. For linear propagation, the summed signal for consecutive echoes from the same reflector is zero. Because harmonics are present in nonlinear propagation, the summed signal for consecutive echoes from the same reflector is nonzero. The fundamental frequency components in each echo are effectively canceled, and only harmonic frequencies remain. The net signal has a high frequency, which is twice the fundamental frequency. 
Disadvantages of Tissue Harmonic Imaging
Only a small fraction of the transmitted pulse energy is converted into the second harmonic and thus is available for echo generation. The signal-tonoise ratio is lower, and consequently, THI is less sensitive than conventional B-mode echocardiography. Lowering the transmitted frequency and reducing the receiver bandwidth improve the signalto-noise ratio.
The overall penetration in THI is less than that obtainable in conventional B-mode echocardiography at the fundamental frequency because of higher attenuation rates for harmonics. The penalty is not as severe as anticipated because harmonics travel only a portion of the total path length. Often, the fundamental frequency in THI is lowered to image deep-lying structures. If visualized, these structures are often depicted with greater contrast and spatial detail.
Axial resolution for all reflectors and contrast resolution for targets with small axial dimensions are likely to be inferior in THI. Structures located near the transducer are depicted with poor contrast because of the lack of harmonics in the incident ultrasound wave. For those cases in which THI is the preferred scanning mode, a sonogram with conventional B-mode echocardiography must always be obtained for comparative purposes. 
Clinical Examples
With THI, the liver cortex, inferior vena cava, and hepatic vein are depicted with higher contrast (Fig. 12) . The center frequency was reduced from 4 MHz (B-mode echocardiography) to 3 MHz (THI), but the depth of penetration for each scanning mode is comparable. In the case of chorioamniotic separation, the elevated amniotic membrane and numerous bright echoes associated with vernix are visualized with THI (Fig. 13) . Imaging with harmonics allows cystic and solid structures in the kidney to be more clearly differentiated (Fig. 14) . The severity of pelvicaliectasis is easier to assess with THI.
